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ABSTRACT 

L i d a r  ( l a s e r  r a d a r )  o b s e r v a t i o n s  of t h e  v i s u a l l y  c l e a r  t r o p o s p h e r e  

between 6 and 14 km a r e  compared w i t h  d a t a  from s imul t aneous  rawinsonde 

and J imsphere  a s c e n t s  f o r  t h e  purpose  of e x p l o r i n g  p o s s i b l e  r e l a t i o n -  

s h i p s  between l i d a r  echoes and t h e  a tmospher ic  winds a l o f t .  Because of 

i ts  low i n t e n s i t y ,  t h e  b a c k s c a t t e r e d  l a s e r  s i g n a l  was monitored by 

means of  a pulse-count ing  t echn ique .  The d a t a  i n d i c a t e  t h a t  t h e  l e v e l  

of maximum wind speed co r re sponds  t o  a l e v e l  o f  r e l a t i v e  i n c r e a s e  i n  

t h e  o p t i c a l  d e n s i t y  of t h e  atmosphere a s  d e t e c t e d  by t h e  l i d a r .  For  

t h e  d a t a  examined, t h i s  l e v e l  l i e s  e i t h e r  a t  t h e  t ropopause  o r  under 

t h e  t ropopause  n e a r  l ayers  of r e l a t i v e  s t a b i l i t y  as shown by t h e  temper- 

a t u r e  p r o f i l e .  The i n c r e a s e  i n  o p t i c a l  d e n s i t y  r e p r e s e n t s  an i n c r e a s e  

ir? the c o n c e n t r a t i o n  of p a r t i c u l a t e  m a t t e r .  S i n c e  i ts  l e v e l  co r re sponds  

t o  t h e  ave rage  a l t i t u d e  f o r  c i r r u s  c louds ,  i t  i s  be l i eved  t h a t  t h e  

i n c r e a s e  i n  p a r t i c l e  d e n s i t y  d e t e c t e d  by t h e  l i d a r  is  due t o  a d v e c t i o n  

and/or  fo rma t ion  of ice c rys ta l s  nea r  t h e  l e v e l  o f  maximum wind. I t  

i s  concluded  t h a t  t h e  l i da r -obse rved  t u r b i d i t y  p r o f i l e  of t h e  upper  

t r o p o s p h e r e  may be of v a l u e  i n  i n f e r r i n g  wind s h e a r  o r  l a y e r s  of 

maximum wind speed ,  p a r t i c u l a r l y  i n  t e r m s  of ex tend ing  in fo rma t ion  

a c q u i r e d  by conven t iona l  means t o  o t h e r  t i m e s .  
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I INTRODUCTION 

I n  connec t ion  wi th  t h e  launch  o f  l a r g e  space  v e h i c l e s ,  t h e r e  is a 

need f o r  b e t t e r  measurement and p r e d i c t i o n  of  wind c o n d i t i o n s  a l o f t .  

The b e s t  e x i s t i n g  method of measuring upper  winds has  been t h e  

FPS-16 radar / J imsphere  t echn ique ,  which a d d i t i o n a l l y  h a s  p o s s i b i l i t i e s  

f o r  i d e n t i f y i n g  t u r b u l e n c e .  

The r e c e n t  advent  o f  t h e  l a se r  as a s o u r c e  of o p t i c a l  energy  

prompts c o n s i d e r a t i o n  o f  o p t i c a l  ranging  t echn iques  f o r  measuring and 

p r e d i c t i n g  upper  winds. A number o f  approaches have been sugges t ed ,  

and some have been t r i e d  expe r imen ta l ly .  I n  p r i n c i p l e ,  l i d a r s ,  o r  

o p t i c a l  r a d a r s ,  could  be used to  measure upper winds i n  a v a r i e t y  of  

ways. The most obvious approach i s  t o  t r a c k  a scend ing  or f a l l i n g  

t a rge t s - - such  as ba l loons  or parachutes- - in  t h e  same way a s  t h e  FPS-16 

c u r r e n t l y  does.  S i n c e  t h e  r e s o l u t i o n  alid t r a c k i n g  c a p a b i l i t i e s  of  t h e  

FPS-16 r a d a r  are  ve ry  good, t h e r e  is l i t t l e  advantage  i n  employing 

o p t i c a l  r a d a r s  f o r  ba l loon  t r a c k i n g .  Some p o s s i b i l i t y  e x i s t s ,  however, 

f o r  t r a c k i n g  more tenuous ta rge ts - - such  as  p u f f s  or t r a i l s  of  chemical  

smoke in t roduced  i n t o  t h e  atmosphere by r o c k e t s .  Although photogrammetric 

t echn iques  have t r a d i t i o n a l l y  been used f o r  such  t r a c k i n g ,  t h e  range-  

de t e rmin ing  c a p a b i l i t y  of  l i d a r  m i g h t  be a g r e a t  advantage  i n  t h i s  

a p p l i c a t i o n .  Another  p o s s i b i l i t y  i s  t o  make u s e  of  n a t u r a l  P a r t i c u l a t e s  

i n  t h e  atmosphere t o  s t u d y  motion a l o f t .  For  example, where c i r r u s  

c l o u d s  or o t h e r  p a r t i c u l a t e  mat ter  c o n c e n t r a t i o n s  occur ,  wind motion 

c o u l d  be  d e r i v e d  by o b s e r v i n g  t h e  displacement  or t h e  local  changes of  

such  f e a t u r e s  w i t h  t i m e  as  they  move i n  or w i t h  t h e  wind f i e l d .  Cur ren t  

l i d a r  e x p e r i e n c e  i n d i c a t e s  a s u b s t a n t i a l  p o s s i b i l i t y  of  making such  

o b s e r v a t i o n s  under  s u i t a b l e  c o n d i t i o n s ,  u s ing  proposed equipment t h a t  

i s  w i t h i n  t h e  s t a t e  o f  t h e  a r t  (Evans, 1968) .  Apart  from s imple  
* 

* 
Refe rences  a r e  l i s t e d  a t  t h e  end of t h e  r e p o r t .  
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t r a c k i n g ,  t h i s  approach o f f e r s  c o n s i d e r a b l e  scope  f o r  more s o p h i s t i c a t e d  

techniques ,  such  a s  have been cons idered  and e x p l o r e d  a t  r a d a r  f r e q u e n c i e s .  

The m o s t  powerful approach would be d i r e c t  a p p l i c a t i o n  of Doppler 

r a d a r  t e c h n i q u e s  t o  l i d a r  s y s t e m s  t h a t  would be c a p a b l e  of a n a l y z i n g  

t h e  frequency s h i f t s  i n  b a c k s c a t t e r e d  energy ,  which a r e  due t o  motion i n  

t h e  n a t u r a l  a e r o s o l  c o n c e n t r a t i o n s .  Various forms of t h i s  concept  have 

been s t u d i e d ,  e s p e c i a l l y  i n  connec t ion  w i t h  d e t e c t i n g  c l e a r - a i r  t u r -  

bulence u s i n g  p r o p a g a t i o n  of coherent  laser l i g h t .  The p r i n c i p a l  advan- 

t a g e  of  e x t e n d i n g  t h e  Doppler technique t o  t h e  o p t i c a l  s p e c t r a l  r e g i o n  

is t h a t ,  because of t h e  very  s h o r t  wavelength of v i s i b l e  l i g h t  much 

g r e a t e r  s p a t i a l  r e s o l u t i o n  i s  p o s s i b l e  t h a n  w i t h  microwave or r a d i o  

systems.  I n  a d d i t i o n ,  t h e  a b s o l u t e  s h i f t  i s  much l a r g e r  a t  o p t i c a l  

f r e q u e n c i e s ,  t h u s  o f f e r i n g  t h e  p o s s i b i l i t y  of improved p r e c i s i o n  i n  t h e  

v e l o c i t y  measurement (Owens, 1969) .  A l a s e r  Doppler v e l o c i m e t e r  has  

been demonstrated i n  t h e  l a b o r a t o r y  f o r  measurement of  h i g h l y  l o c a l i z e d  

f l o w  v e l o c i t i e s  i n  g a s e s  2nd l i q u i d s  (Foreman e t  a l . ,  1966).  I n  t h e  

r e a l  a tmosphere,  however, v e l o c i t y  measurements w i t h  a ground-based 

l a s e r  a r e  n o t  y e t  f e a s i b l e  beyond d i s t a n c e s  of 40 t o  70 meters and even 

w i t h i n  t h e s e  d i s t a n c e s  a r t i f i c i a l  t r a c e r s  a r e  r e q u i r e d  (Owens, 1969) .  

A t  p r e s e n t ,  w e  f e e l  t h a t  t h e  most promising approach is  t o  i n v e s t i -  

g a t e  t h e  p o s s i b i l i t y  of u s i n g  l i d a r  o b s e r v a t i o n s  of  energy b a c k s c a t t e r e d  

by l a y e r s  of p a r t i c u l a t e  m a t t e r  t o  supplement and ex tend  ( i n  space  and 

t i m e )  d a t a  a c q u i r e d  by FPS-16/balloon soundings.  

v a r i a t i o n s  i n  t h e  l idar -observed  b a c k s c a t t e r  p r o f i l e  a r e  a s s o c i a t e d  

w i t h  v a r i a t i o n s  i n  t h e  wind p r o f i l e  ( i . e . ,  s h e a r  l a y e r s ) ,  t h e  

c a p a b i l i t y  of l i d a r  t o  monitor  cont inuous ly  t h e  b a c k s c a t t e r i n g  proper -  

t ies  of t h e  atmosphere s u g g e s t s  t h a t  such  o b s e r v a t i o n s  could be used 

i n  e x t r a p o l a t i n g  d a t a  a c q u i r e d  i n  prev ious  FPS-16 soundings.  Thus , 
more t i m e l y  i n f o r m a t i o n  on t h e  he ight  (and perhaps i n t e n s i t y )  of  wind 

s h e a r s  can be obta ined  w i t h  a series of l i d a r / b a l l o o n  a s c e n t s .  T h i s  

approach  h a s  been e x p l o r e d  under t h e  c u r r e n t  c o n t r a c t .  A l i m i t e d  

On t h e  premise t h a t  

sample 

14 km) 

of n i g h t t i m e  l i d a r  o b s e r v a t i o n s  of t h e  upper t roposphere  ( 6  t o  

h a s  been o b t a i n e d  i n  c o n j u n c t i o n  w i t h  FPS-16/Jimsphere and 

2 



GMD-1 rawinsonde a s c e n t s .  The b a c k s c a t t e r  p r o f i l e s  from t h e  l i d a r  

s u g g e s t  t h a t  c o n c e n t r a t i o n s  of p a r t i c u l a t e  m a t t e r  a r e  f r e q u e n t l y  p r e s e n t  

under t h e  t ropopause  n e a r  l e v e l s  of high wind speed  and l a r g e  v e r t i c a l  

wind s h e a r .  The o b s e r v a t i o n s  t end  t o  s u b s t a n t i a t e  t h e  u l t i m a t e  f e a s i -  

b i l i t y  of some of t h e  sugges t ed  t echn iques  f o r  l i d a r  measurements of 

t h e  a tmospher ic  winds a l o f t .  

3 



I I INSTRUhENTATION A h 9  OBSERVATIONAL TECHNIQUE 

Observa t ions  of t h e  b a c k s c a t t e r i n g  p r o p e r t i e s  of a v i s u a l l y  c l ea r  

upper t roposphe re  w i t h  a ground-based ruby l i d a r  i nvo lve  t h e  d e t e c t i o n  

of very-low-energy s i g n a l s .  I n  t h i s  c a s e ,  q u a n t i t a t i v e  measurements 

must be based on 

a n a l y s i s .  

11 p u l s e  count ing"  r a t h e r  t h a n  on "anode-current  waveform" 

The accep ted  t echn ique  f o r  measuring low-energy s i g n a l s  is to  

employ a p h o t o m u l t i p l i e r  having  a small  ca thode  a r e a  ( sma l l  s o u r c e  of  

t h e r m a l l y  e m i t t e d  e l e c t r o n s )  and s u f f i c i e n t  e l e c t r o n  m u l t i p l i e r  g a i n  

( l o 7  or  more) so  t h a t  anode p u l s e s  r e s u l t i n g  f rom i n d i v i d u a l  photon 

a b s o r p t i o n  e v e n t s  a t  t h e  photocathode c a n  be viewed on an  o s c i l l o s c o p e  

connec ted  t o  t h e  m u l t i p l i e r  ou tpu t  (hlorton, 1968) .  Each photon i n c i d e n t  

on t h e  photocathode h a s  a g iven  p r o b a b i l i t y  ( f r e q u e n t l y  c a l l e d  quantum 

e f f i c i e n c y )  of c a u s i n g  t h e  emiss ion  of a p h o t o e l e c t r o n .  Each e m i t t e d  

e l e c t r o n  t r i g g e r s  a cascade  of approximately 10 e l e c t r o n s  from t h e  

m u l t i p l i e r  s e c t i o n  of t h e  photo tube ;  t h i s  ca scade  appea r s  a s  an i n d i -  

v i d u a l  anode-current  p u l s e  on t h e  o s c i l l o s c o p e  d i s p l a y .  A count  of 

t h e s e  d i s c r e t e  anode-pulses  p e r  u n i t  t i m e  i n t e r v a l  i s  r e l a t e d  t o  t h e  

a r r i v a l  r a t e  of photons a t  t h e  photocathode.  The a r r i v a l  r a t e  of 

photons ,  i n  t u r n ,  r e p r e s e n t s  t h e  a tmosphe r i c -backsca t t e r  s i g n a l .  A t  

l a rge-energy  s i g n a l s ,  t h e  r a t e  of photons i n c i d e n t  on  t h e  photocathode 

i s  h igh .  Consequent ly ,  t h e  p u l s e  r a t e  ( t h e  number of  p u l s e s  p e r  u n i t  

t i m e )  a t  t h e  p h o t o m u l t i p l i e r  o u t p u t  becomes s o  g r e a t  t h a t  t h e  pe r iod  

between p u l s e s  becomes comparable t o  t h e  p u l s e  w i d t h ;  i n  t h i s  c a s e ,  t h e  

p u l s e s  t end  t o  o v e r l a p  and can no longer  be d i s p l a y e d  and counted 

i n d i v i d u a l l y .  Large  s i g n a l  l e v e l s  a r e  t h e r e f o r e ,  measured by r e a d i n g  

t h e  anode c u r r e n t  r e s u l t i n g  from t h e  i n t e g r a t i o n  of  many ove r l app ing  

p u l s e s .  The pulse-count ing  technique  has  been s u c c e s s f u l l y  used i n  

many i n v e s t i g a t i o n s  of t h e  upper atmosphere by l i d a r  (Bain and Sandford,  

1966;  C o l l i s  and Ligda,  1966; N i sh iko r i  e t  a l . ,  1965) .  
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Data c o l l e c t e d  under  t h e  c o n t r a c t  w e r e  o b t a i n e d  w i t h  t h e  SRI IlIark V 

ruby l i d a r .  The b a s i c  c h a r a c t e r i s t i c s  of t h e  l i d a r ’ s  t r a n s m i t t e r  and 

r e c e i v e r  s y s t e m  a r e  l i s t e d  i n  Table  I .  The S-20 photoca thode  used by 

t h e  m u l t i p l i e r  has  approximate ly  a 2 percen t  quantum e f f i c i e n c y  a t  t h e  

ruby wavelength.  

Table I 

CHARACTERISTICS OF MARK V LIDAR 

T r a n s m i t t e r  

Laser  Mate r i a l  

Wavelength 

Ruby 

6943 

Energy o u t p u t  pe r  p u l s e  0 .22  J o u l e  

P u l s e  d u r a t i o n  . 15 nanoseconds 

Peak power 15 megawatts 

Aper tu re  6 - inch  New t o  n i  a n t e 1 es c ope 
-4 

Seam d i v e r g e m e  3 v 10 radiam 

Cooling Forced a i r  

Q - s w i  t c h  R o t a t i n g  pr i sm and 
s a t u r a b l e  dye 

Rece iver  

A p e r t  u r  e 6-inch Newtonian t e l e s c o p e  

E f f e c t i v e  a p e r t u r e  a r e a  0.01 m 

S o l i d  a n g l e  of view A d j u s t a b l e ,  0 . 5  t o  4 .0  Y 

2 

r a d i a n  

F i l t e r  bandwidth (3-dB 13 
a t t enua t i on ) 

P h o t o m u l t i p l i e r  

Display 

RCA 7265 (5 -20  c a t h o d e )  

Tek t ron ix  Model 555 dua l  beam 
CRO (bandwidth = 30 hWz) w i t h  
P-11 Phosphor; P o l a r o i d  camera 
Type 410 f i l m ;  Logar i thmic  
r e sponse  v i d e o  a m p l i f i e r  
( o p t i o n a l )  

5 



The e x a c t  o p e r a t i n g  procedure  used f o r  o b t a i n i n g  t h e  o b s e r v a t i o n s  

p re sen ted  and d i s c u s s e d  i n  t h i s  report w a s  a s  fo l lows .  The l i d a r  was 

po in ted  toward t h e  z e n i t h  sky and l i d a r  p u l s e s  w e r e  t r a n s m i t t e d  a t  a 

ra te  of  one 15-ns p u l s e  pe r  minute.  Each p u l s e  r e p r e s e n t s  approx i -  

m a t e l y  0 . 2 2  J o u l e  of  energy .  When the  l i d a r  is f i r e d  t o o  r a p i d l y ,  

e x c e s s i v e  t empera tu re  rise i n  t h e  ruby c r y s t a l  dec reases  t h e  o u t p u t  

energy and i n c r e a s e s  t h e  ruby wavelength toward t h e  w a t e r  vapor  absorp-  

t i o n  l i n e  a t  6943.8 A.  A t  p r e s e n t ,  t he  t empera tu re  of t h e  ruby rod  

cannot  be  comple te ly  c o n t r o l l e d  du r ing  a n  ex tended  pe r iod  o f  o p e r a t i o n .  

Furthermore,  t h e  wavelength of t h e  ou tpu t  p u l s e  cannot  be measured 

conven ien t ly .  I n  t h e  p r e s e n t  experiment ,  t h e  t o t a l  o u t p u t  energy  w a s  

monitored and found t o  remain r e l a t i v e l y  c o n s t a n t  from p u l s e  t o  p u l s e  

when f i r i n g  t h e  l i d a r  a t  a r a t e  of  1 p u l s e  p e r  minute .  A n e a r l y  

c o n s t a n t  o u t p u t  energy i n d i c a t e s  no e x c e s s i v e  tempera ture  f l u c t u a t i o n s  

and no d r i f t  i n  and o u t  of  t h e  c r i t i c a l  a b s o r p t i o n  l i n e .  A t  each  l i d a r  

f i r i n g ,  t h e  a tmospher ic  b a c k s c a t t e r  s i g n a l  was recorded  i n  t e r m s  of 

t h e  number of anode-cur ren i  p u l s e s  per 5-L,s tirile i i i t e r v a l  (75G m h e i g h t  

i n t e r v a l ) .  By f i r i n g  t e n  t i m e s  whi le  i n c r e a s i n g ,  a t  each  f i r i n g ,  t h e  

t i m e  d e l a v  a t  which t h e  5-US i n t e r v a l  of d a t a  is  d i s p l a y e d  on t h e  

o s c i l l o s c o p e  f a c e ,  t h e  t roposphe re  between 6 and 14 km was sampled i n  

s u c c e s s i v e  750-m h e i g h t  i n t e r v a l s  (one i n t e r v a l  p e r  s i n g l e  s h o t )  o v e r  

a p e r i o d  of about  10 minutes .  

0 

Because photon f l u x  i s  a s t a t i s t i c a l  q u a n t i t y  and t h e  photomul t i -  

p l i e r  r e sponse  (quantum e f f i c i e n c y  of t h e  photocathode,  f o c u s s i n g  of  

e l e c t r o n s  o n t o  t h e  f i r s t  dynode, and m u l t i p l i e r  g a i n )  show s t a t i s t i c a l  

f l u c t u a t i o n s ,  i t  i s  necessa ry  t o  average  d a t a  from s u c c e s s i v e  observa-  

t i o n s  and from extended h e i g h t  i n t e r v a l s  i n  o r d e r  t o  d e r i v e  

meaningfu l  i n f o r m a t i o n  on atmospheric  s t r u c t u r e .  Consequent ly ,  l i d a r  

o b s e r v a t i o n s  w e r e  made o v e r  t i m e  pe r iods  of s e v e r a l  hours  and d a t a  w e r e  

ave raged  f o r  s u c c e s s i v e  “soundings.  ” 

B a c k s c a t t e r  d a t a  w e r e  r eco rded  i n  t h e  form of P o l a r o i d  photographs 

o f  a dual-beam o s c i l l o s c o p e  d i s p l a y  f r o m  which t h e  number of  p u l s e s  

w e r e  v i s u a l l y  counted .  F igu re  1 shows examples of  t h e s e  photographs .  

The beam on t h e  l e f t -hand  s i d e  of each photograph p r e s e n t s  p h o t o m u l t i p l i e r  

6 
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anode c u r r e n t  (ob ta ined  from p u l s e  i n t e g r a t i o n )  on a l o g a r i t h m i c  scale 

v e r s u s  t i m e  on  a l i n e a r  scale  (0 t o  100 t h i s  is  e q u i v a l e n t  t o  t h e  

loga r i thm of  t h e  r ece ive r -ou tpu t  power v e r s u s  range  o u t  t o  15 km. This  

t r a c e  w a s  used a t  each l i d a r  f i r i n g  t o  a s c e r t a i n  t h a t  no c louds  were 

w i t h i n  t h e  f i e l d  of  view. The t r a c e  on t h e  r igh t -hand s i d e  of t h e  

o s c i l l o s c o p e  d i s p l a y  shows (on a l i n e a r  s c a l e )  t h e  number of i n d i v i d u a l  

anode-cur ren t  p u l s e s  recorded  o v e r  a 5 -  s t i m e  i n t e r v a l  (750-meter 

h e i g h t  i n t e r v a l )  of t h e  l e f t - h a n d  s i d e  t r a c e  between 8250 and 9000 m .  

By p r o p e r l y  t ime-de lay ing  t h e  o s c i l l o s c o p e  sweep t h i s  expanded s e c t i o n  

c a n  be t r i g g e r e d  and d i s p l a y e d  a t  any h e i g h t  a long  t h e  main t r a c e .  The 

anode-cur ren t  waveform shown i n  t h e  l e f t -hand  s i d e  t r a c e  of F igu re  l ( a )  

i s  due t o  t h e  large b a c k s c a t t e r  s i g n a l  r ece ived  from two c loud  l a y e r s .  

The expanded 750-m h e i g h t  i n t e r v a l  t r i g g e r e d  between t h e  c loud  l a y e r s  

( r igh t -hand  t race)  e x h i b i t s  a h igh  pu l se  count  t o  t h e  e x t e n t  t h a t  

p u l s e s  begin  t o  o v e r l a p .  I n  t h e  absence of c l o u d s ,  t h e  b a c k s c a t t e r e d  

r a d i a t i o n  r e c e i v e d  from t h e  same he igh t  i n t e r v a l  is weak and consequen t ly ,  

t h e  number of i n d i v i d u a l  anode-current  p u l s e s  c a n  be r e a d r i y  decermined 

by v i s u a l  count  as i s  e v i d e n t  from Figure l ( b ) .  Another  method of 

d i s p l a y i n g  t h e  l i d a r  d a t a  w a s  a lso explored .  From a m u l t i p l e - t r a c e  

o s c i l l o s c o p e  d i s p l a y ,  e i g h t  separate, s u c c e s s i v e  750-m h e i g h t  i n t e r v a l s  

w e r e  photographed s imul t aneous ly  a t  each l i d a r - p u l s e  t r a n s m i s s i o n .  This  

t echn ique ,  which was inco rpora t ed  i n t o  t h e  experiment  by W. E .  Evans, 

w a s  n o t  s u f f i c i e n t l y  developed so t h a t  i t  cou ld  o p e r a t e  independen t ly ,  

owing t o  l i m i t a t i o n s  of t i m e  and funding.  I t  w a s  used,  however, t o  

mon i to r  t h e  p u l s e  count  from 6 t o  12 km on a shot - to-shot  b a s i s .  F u r t h e r  

* 

Aevelopment  of t h i s  t echn ique  i s  recommended i n  f u t u r e  exper iments .  

Dur ing  n i g h t t i m e  and under v i s u a l l y  c l ea r - sky  c o n d i t i o n s ,  t h e  

pu l se -coun t ing  t echn ique  o f  d a t a  r eco rd ing  proved to  be  ve ry  e f f e c t i v e  

between 6 and 14  km u s i n g  t h e  Mark V l i d a r  s y s t e m .  Under t h e s e  

c o n d i t i o n s ,  t h e  measured sky background and t h e  p h o t o m u l t i p l i e r  da rk  

1: 
S e n i o r  Research  Engineer ,  E l e c t r o n i c s  and Radio Sc iences  Div i s ion ,  
S t a n f o r d  Research I n s t i t u t e .  
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c u r r e n t  n o i s e  are n e g l i g i b l e  w i t h  r e s p e c t  t o  t h e  l i d a r  b a c k s c a t t e r  s i g n a l  

from t h i s  t r o p o s p h e r i c  l a y e r ,  which is  i n  t h e  r ange  from 5 t o  50 p u l s e s  

p e r  5 US. B e l o w  6 km t h e  recorded  b a c k s c a t t e r  becomes r e l a t i v e l y  l a r g e  

(270 p u l s e s  p e r  5 ils fo r  our syatem) and f r e q u e n t  p u l s e  o v e r l a p  a t  t h e  

p h o t o m u l t i p l i e r  anode s e r i o u s l y  a f f e c t s  t h e  a n a l y s t ' s  a b i l i t y  t o  count  

i n d i v i d u a l  p u l s e s  a c c u r a t e l y  from the  o s c i l l o s c o p e  d i s p l a y .  Above 14 

km, t h e  r a t e  of photons  i n c i d e n t  on t h e  r e c e i v e r  o p t i c s  due  t o  a tmospher ic  

b a c k s c a t t e r  is  s o  l o w  t h a t  fewer  than  5 p u l s e s  p e r  5 iis a r e  recorded  by 

o u r  system. I n  t h i s  case, t h e  e f f e c t s  from s k y  background and i n t e r n a l  

sys tem n o i s e  on t h e  recorded  d a t a  can no l o n g e r  be ignored  and d a t a  

a n a l y s i s  becomes a l a b o r i o u s  s t a t i s t i c a l  p r o c e s s  i n  o r d e r  t o  s e p a r a t e  

s i g n a l  from n o i s e .  I t  i s  e s s e n t i a l  t h a t  a l l  o b s e r v a t i o n s  be made i n  t h e  

absence of l o w  and middle c louds .  These c louds ,  which are n e a r l y  always 

water c louds ,  a t t e n u a t e  t h e  t r a n s m i t t e d  l i d a r - p u l s e  energy  t o  t h e  e x t e n t  

t h a t  n o  r e l i ab le  b a c k s c a t t e r  d a t a  can be ob ta ined  from t h e  a tmospher ic  

l a y e r s  above. The absence o r  presence of c louds  was de te rmined  by 

v i s u a l  o b s e r v a t i o n s  a t  t h e  l i d a r  s i t e  and by examining t h e  l o g a r i t h m i c  

( l e f t - h a n d  s i d e )  t race i n  F i g u r e  1 on a shot - to-shot  bas i s .  

F i g u r e  2 shows a n  observed  p r o f i l e  of  pu lse-count  v e r s u s  h e i g h t  

o b t a i n e d  by a v e r a g i n g  t h e  coun t s  from s i x  c o n s e c u t i v e  soundings  made 

d u r i n g  t h e  even ing  o f  3 March 1969. The p r o f i l e  is  d e r i v e d  by a s s i g n i n g  

t h e  a v e r a g e  coun t  f o r  each  750-m he igh t  i n t e r v a l  t o  t h e  mid- leve l  of  t h e  

i n t e r v a l  and c o n n e c t i n g  t h e s e  v a l u e s  by s t r a i g h t  l i n e s .  The i n d i c a t e d  

l i m i t s  of t h e  s t a n d a r d  d e v i a t i o n  a re  a t t r i b u t a b l e  t o  a tmosphe r i c  v a r i a -  

t i o n s  and t o  s t a t i s t i c a l  f l u c t u a t i o n s  t h a t  a r e  i n h e r e n t  i n  photon 

c o u n t i n g  and i n  t h e  o v e r a l l  sys tem response .  From s h o t  t o  s h o t  ( l e v e l  

t o  l e v e l )  t h e  o u t p u t  energy  of  t h e  l i d a r  d i d  n o t  v a r y  by more t h a n  2 

p e r c e n t .  

I t  i s  d i f f i c u l t  t o  de t e rmine  wi th  p r e c i s i o n  from l i d a r  o b s e r v a t i o n s  

t h e  b a c k s c a t t e r  p r o p e r t i e s  of  t h e  upper atmosphere i n  a b s o l u t e  terms. 

However, r e l a t i v e  v a r i a t i o n s  i n  b a c k s c a t t e r  from v e r t i c a l  l a y e r s ,  a s  

r e v e a l e d  by t h e  p r o f i l e  of  F i g u r e  2 ,  a r e  of  c o n s i d e r a b l e  s i g n i f i c a n c e .  

Such r e l a t i v e  v a r i a t i o n s  c a n  be determined t o  a h igh  degree  of  conf idence .  

To p r o v i d e  a g e n e r a l  frame of r e f e r e n c e  f o r  t h e  l i d a r  o b s e r v a t i o n s ,  t h e  

9 



1 
X- - -X I968 MODEL 

X Dl STRIBUT ION 
\ - 0 BS ERVED D I STRl B UTI ON - + I  STANDARD DEVIATION 

I F - -  
- \  \ 

0 2 4 6 8 10 
AVERAGE PULSE COUNT - pulseslps 

FIGURE 2 PROFILE OF PULSE COUNT AS A FUNCTION OF HEIGHT 
OBSERVED BY LIDAR IN VISUALLY CLEAR UPPER 
TROPOSPHERE (3  March 1969, 2011-2231 PST; predicted 
Aerosol Model atmospheric distribution shown for comparison.) 

10 



I 

Aerosol  Model Atmosphere as t a b u l a t e d  by El te rman (1968) is  used t o  

approximate t h e  photon d e n s i t y  t h a t  could  be expec ted  a t  t h e  r e c e i v e r  

system o f  t h e  Mark V ruby l i d a r  a f t e r  f i r i n g  a s i n g l e  p u l s e  i n  t h e  

fo l lowing  way. When a l i d a r  p u l s e  i s  t r a n s m i t t e d  through a n  atmosphere 

of  which t h e  s c a t t e r i n g  p r o p e r t i e s  are p r e c i s e l y  known, the number o f  

photons b a c k s c a t t e r e d  from s u c c e s s i v e  range  i n t e r v a l s  and i n c i d e n t  p e r  

u n i t  t i m e  on a narrow a p e r t u r e  of t h e  r e c e i v e r  o p t i c s  can  be computed 

by means of t h e  l i d a r  equa t ion .  This  e q u a t i o n ,  v a l i d  f o r  s i n g l e  

s c a t t e r i n g  on ly ,  c a n  be w r i t t e n  i n  t h e  form: 

where 

t 

I 

I 

P /A = p o w e r  i n c i d e n t  on a u n i t  area o f  t h e  r e c e i v e r  a p e r t u r e  
i’ i= 

7 = p u l s e  d u r a t i o n  

P T = t r a n s m i t t e d  p u l s e  energy t 

c = v e l o c i t y  o f  l i g h t  

e = volume b a c k s c a t t e r i n g  c o e f f i c i e n t  
l-T 

o = ave rage  e x t i n c t i o n  c o e f f i c i e n t  from l i d a r  t o  t a r g e t  
- 

R = one-way d i s t a n c e  from l i d a r  t o  t a r g e t  

For t h e  ruby wavelength (approximately 6943 A ) ,  one photon o r  quantum of 

ene rgy  e q u a l s  2.86 Y 10 Jou le .  The average  p u l s e  energy,  P 7 ,  of  t h e  

Mark V l i d a r  w a s  found t o  equa l  approximate ly  0 .22  J o u l e .  I n t r o d u c i n g  

t h e s e  f i g u r e s  i n  Eq. ( 1 )  and s u b s t i t u t i n g  c = 3 X 10 m ( v s )  g i v e s  

-19 
t 

2 -1 

photons p e r  us p e r  u n i t  
area o f  e f f e c t i v e  r e c e i v e r  
a p e r t u r e .  

-2oR 
B e  

r r  R 

20 TT 

P /A = 1.16 X 10 2 
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F u r t h e r  computat ions can be carried o u t  u s i n g  t h e  p h y s i c a l  parameters  

of  E l t e r m a n ' s  1968 Aerosol  Model Atmosphere and t h e  e f f e c t i v e  a r e a  of 

t h e  r e c e i v e r  a p e r t u r e  f o r  t h e  Mark V ruby l i d a r .  The aver,Lge e x t i n c t i o n  

c o e f f i c i e n t ,  '5, c a n  be o b t a i n e d  d i r e c t l y  from E l t e r m a n ' s  t a b u l a t i o n s .  

Assuming a, = 0 . 0 4 ~ ~  

c o e f f i c i e n t  l i s t e d  by Elterman, and i n t r o d u c i n g  A = 0.01 m f o r  t h e  

Mark V l i d a r ,  P = 6 km 

and R = 14 km. The r e s u l t i n g  p r o f i l e  i s  shown i n  F i g u r e  3. Table  I1 

shows t h e  h e i g h t  v a r i a t i o n  o f  t h e  ra t io  between t h e  p r e d i c t e d  v a l u e s  of 

F i g u r e  3 and t h e  l idar-measured pulse-count averaged for  a l l  l i d a r  d a t a  

c o l l e c t e d  d u r i n g  seven  s e p a r a t e  per iods  af o b s e r v a t i o n .  The  r a t i o s  w i t h  

r e s p e c t  t o  a Rayleigh (molecular )  a tnosphere  have a l s o  been l i s t e d .  

- 

( B u l l r i c h ,  1964) where u = t h e  a e r o s o l  a t t e n u a t i o n  
2 m m 

r 
( i n  photons p e r  p) can be computed between R 

r 1 

2 

IMeasured P u l s e  Rate ( p u l s e s  p e r  us) 

HEIGHT (km)  P r e d i c t e d  Photon Rate (photons p e r  us)  
Aerosol  Model Atmosphere Rayleigh Atmosphere 

6 1.0 X 1.0 X 

7 1 . 2  1 . 2  x 

8 1 . 2  1.3 x 

9 1 . 4  1.5 

1 .5  y 

1.6  Y 

-3 

-3 
10 1.3 X 1 0  

11 1.4  X 1 0  

1 2  1.5 x 1.8 x 

13 1.5 X lom3 1 .9  

14 1.7 x 2.2 Y 
a 

Table I1 

RATIO OF PREDICTED INCIDENT PHOTON RATE FOR AEROSOL AND RAYLEIGH 

AThlOSPHERES TO hlEASURED PULSE RATE FROhl ACTUAL LIDAR OBSERVATIONS 

I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  average r a t io  i n c r e a s e s  w i t h  h e i g h t ,  

which i n d i c a t e s  t h a t  t h e  atmospheric  b a c k s c a t t e r  from t h e  upper l a y e r s  

of  t h e  6 t o  14 km r e g i o n  does n o t  decrease  a s  r a p i d l y  w i t h  h e i g h t  a s  

p r e d i c t e d  on  t h e  b a s i s  of t h e  Rayleiph atmosphere and t h e  Aerosol  Model 

Atmosphere. I n  o r d e r  t o  i l l u s t r a t e  t h i s  f e a t u r e  i n  t h e  subsequent  d a t a  

12 
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a n a l y s e s  and a t  t h e  same t i m e  t o  provide  a common r e f e r e n c e  frame 

between t h e  a c t u a l  l i d a r  measurements and t h o s e  p r e d i c t e d  on  t h e  b a s i s  

of t h e  Aerosol  Model Atmosphere, t h e  f a c t o r  1 0  is  used t o  conve r t  

photons i n c i d e n t  on t h e  a p e r t u r e  of t h e  t e l e s c o p e  to  p u l s e s  r e c e i v e d  a t  

t h e  p h o t o m u l t i p l i e r  o u t p u t .  This  i s  e q u i v a l e n t  to  a s s i g n i n g  a r b i t r a r i l y  

an o v e r a l l  sys tem e f f i c i e n c y  o r  t r a n s f e r  of 1 0  t o  t h e  Mark V l i d a r  

system. Thus, i n  F igu re  2 and a l l  subsequent  s i m i l a r  f i g u r e s ,  t h e  

dashed p r o f i l e  r e p r e s e n t s  t h e  backscatter from t h e  1968 Aerosol  Model 

Atmosphere as r eco rded  a t  t h e  l i d a r  r e c e i v e r  o u t p u t  i n  p u l s e s  p e r  

microsecond assuming a sys tem e f f i c i e n c y  of 0.1 p e r c e n t .  

-3 

-3 
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I11 DISCUSSION OF RESULTS 

I n  t h i s  s e c t i o n ,  t h e  l i d a r  d a t a  and t h e  compara t ive  rawinsonde and 

J imsphere d a t a  a r e  p r e s e n t e d  and d i s c u s s e d  w i t h i n  t h e  framework of t h e  

c o n t r a c t u a l  S ta tement  of Work. Each one o f  t h e  f o u r  t a s k s  of t h e  Work 

Sta tement  is  d i s c u s s e d  s e p a r a t e l y .  

4 .  Task 1 - -Ca l ib ra t ion  of Equipment 

... By o p e r a t i n g  t h e  l i d a r  a t  t h e  SRI s i t e ,  o b t a i n  
a l i m i t e d  sample of d a t a  from h e i g h t s  nea r  1 0  km. 
The c o l l e c t i o n  of t h e s e  d a t a  w i l l  s e r v e  t o  p repa re  
and c a l i b r a t e  t h e  l i d a r  equipment and a s s o c i a t e d  
d a t a - r e c o r d i n g  f a c i l i t i e s .  This  l i m i t e d  experiment  
a l s o  s e r v e s  as a p r e p a r a t i o n  f o r  app ly ing  t h e  b a s i c  
t echn ique  of r ecogn iz ing  s i g n i f i c a n t  l i d a r  r e t u r n s  
from t h e  upper  t roposphe re  t o  t h e  f i e l d  experiment  
of [Task 21 . .  ." 

( 7  

Under Task 1, t h r e e  n i g h t s  o f  l i d a r  o b s e r v a t i o n s  w e r e  made a t  

SRI i n  Menlo Park ,  C a l i f o r n i a  and t h e  r e s u l t i n g  pulse-count  p r o f i l e s  

compared w i t h  rawinsonde d a t a  from Oakland, C a l i f o r n i a  (about  20 m i l e s  

awav). The o b s e r v a t i o n s  w e r e  made on 15, 16, and 28 January 1969. 

On 15 January ,  d a t a  N e r e  c o l l e c t e d  p r i m a r i l y  f o r  t h e  purpose  of 

check ing  t h e  p rope r  o p e r a t i o n  of t h e  l i d a r  and t h e  a s s o c i a t e d  d a t a -  

r e c o r d i n g  equipment and are n o t  f u r t h e r  d i s c u s s e d .  On 16  Janua ry ,  

between 2100 and 2300 PST, t h e  l i d a r  observed  t h e  presence  of a 

tenuous  l a y e r  of ice c r y s t a l s  a t  a h e i g h t  co r re spond ing  t o  t h a t  of t h e  

t ropopause  o b t a i n e d  i n  t h e  Oakland rawinsonde a s c e n t  about f o u r  ktours 

later.  F i g u r e  4 ( a )  shows t h i s  f e a t u r e  as i t  appeared I n  t h e  photographic  

d a t a  of t h e  l i d a r  soundings d u r i n g  t h r e e  two-minute t i m e  p e r i o d s ,  and 

F i g u r e  4 ( b )  shovrs t h e  Comparative rawinsonde d a t a  from Oakland. I n  

F i g u r e  4 ( a ) ,  t h e  recorded  p u l s e  count is shown a t  each  t i m e  i n  f o u r  

c o n s e c u t i v e  h e i g h t  increments  between 9 and 12  km. Within a p e r i o d  of 

abou t  40 minutes  t h e r e  w e r e  l a r g e  v a r i a t i o n s  i n  t h e  recorded  p u l s e  ra te  

between 1 0  km and 11 km. These r e p r e s e n t  v a r i a t i o n s  i n  d e n s i t y  of t h e  

15 
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p a r t i c u l a t e  matter d e t e c t e d  by t h e  l i d a r .  A t  2230 PST, p a r t i c l e  

d e n s i t y  i n c r e a s e s  t o  t h e  e x t e n t  t h a t  p u l s e  p i l e u p  is s u f f i c i e n t l y  

s e v e r e  t o  p r o h i b i t  a r e l i a b l e  count  of i n d i v i d u a l  q u a n t i t a t i v e  p u l s e s .  

Although t h e  rawinsonde d a t a  from Oakland [F igu re  4 ( b ) ]  a r e  no t  c o i n c i -  

den t  i n  t i m e ,  i t  is i n t e r e s t i n g  t o  note  t h a t  t h e  l a y e r  i n  which con- 

c e n t r a t i o n s  of  p a r t i c u l a t e  m a t t e r  are  d e t e c t e d  by t h e  l i d a r  l ies  

immediately under  t h e  t ropopause  and a l s o  under  a wind-speed maximum. 

Although no i n d i c a t i o n s  of c i r r u s  c loud  w e r e  appa ren t  t o  o b s e r v e r s  a t  

t h e  l i d a r  s i t e ,  t h e  o f f i c i a l  weather  o b s e r v a t i o n  a t  hloffet t  Naval A i r  

S t a t i o n  (10 m i l e s  s o u t h e a s t  of hlenlo Pa rk )  r e p o r t e d  2/10 t o  3/10 t h i n  

c i r r u s ;  t h e r e f o r e ,  i t  may be assumed t h a t  t h e  l i d a r  d e t e c t e d  r a p i d l y  

v a r y i n g  c o n c e n t r a t i o n s  of ice c rys ta l s .  

S i x  c o n s e c u t i v e  l i d a r  soundings were made between 2000 and 2300 PST 

on 28 J a n u a r y .  F i g u r e  5 shows t h e  pu l se  count  p r o f i l e  o b t a i n e d  by 

a v e r a g i n g  t h e  d a t a  from a l l  s i x  soundings f o r  each  750-m h e i g h t  i n c r e -  

ment. Also  i n d i c a t e d  a r e  t h e  t1 s t a n d a r d  d e v i a t i o n s  of t h e  measurements 

i n  each  h e i g h t  group. Near 6 k m  t h e  number of anode p u l s e s  normally 

becomes q u i t e  l a r g e  and shows a tendency f o r  o v e r l a p .  The re fo re ,  a 

l a r g e  s t a n d a r d  d e v i a t i o n  a t  t h e  s t a r t  of t h e  sounding can  be p a r t l y  

a t t r i b u t e d  t o  e r r o r s  made i n  d i s t i n g u i s h i n g  and coun t ing  i n d i v i d u a l  

p u l s e s .  A t  h i g h e r  l e v e l s ,  i . e . ,  above 8 km, a l a r g e  s t a n d a r d  d e v i a t i o n  

can  ar ise  from temporal  v a r i a t i o n s  i n  p a r t i c u l a t e - m a t t e r  c o n c e n t r a t i o n s  

such  a s  shown i n  F igu re  4 ( a ) .  The p r o f i l e  of  pu lse-count  v e r s u s  h e i g h t  

p r e d i c t e d  on  t h e  b a s i s  of t h e  1968 Model Atmosphere and t h e  hlark V 

l i d a r  pa rame te r s  ( F i g u r e  3 )  is  i n d i c a t e d  i n  F i g u r e  5 f o r  comparison 

by a s s i g n i n g  t h e  assumed o v e r a l l  sys t em e f f i c i e n c y  of 0 . 1  p e r c e n t .  The 

bu lge  i n  t h e  measured p r o f i l e  between 8 km and 10  km must be a t t r i b u t e d  

t o  an  i n c r e a s e  i n  t h e  c o n c e n t r a t i o n  of p a r t i c u l a t e  m a t t e r  w i t h i n  t h e  

f i e l d  of view of t h e  l i d a r .  Data from t h e  Oakland rawinsonde  a s c e n t s  

t a k e n  approximate ly  f o u r  hours  and twelve hours  a f t e r  t h e  l i d a r  obse r -  

v a t i o n s  s u g g e s t  t h a t  t h e  i n c r e a s e  i n  l idar -measured  p u l s e  count  may have 

been a s s o c i a t e d  wi th  a r e l a t i v e l y  s t a b l e  l a y e r  i n  t h e  t empera tu re  

sound ing  s t a r t i n g  j u s t  above 9 km and w i t h  a l e v e l  of g radua l  wind-speed 

i n c r e a s e  j u s t  below 9 km. The o f f i c i a l  r eco rd  o f  s u r f a c e  o b s e r v a t i o n s  
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from Mof fe t t  Naval A i r  S t a t i o n  showed no r e p o r t e d  middle  o r  h igh  c louds  

d u r i n g  t h e  p e r i o d  of  l i d a r  o p e r a t i o n .  

B. Task 2--Field Experiment 

" . . . C a r r y  o u t  a series o f  l i d a r  o b s e r v a t i o n s  o f  t h e  
c lear  atmosphere i n  con junc t ion  w i t h  s imul t aneous ly  
measured J imsphere wind p r o f i l e  d a t a .  F i e l d  measure- 
ments w i l l  be r e s t r i c t e d  t o  t h e  P t .  Mugu s i t e  o r  
t h e  v i c i n i t y  t h e r e o f  ... 71  

A f t e r  work on t h e  c o n t r a c t  had been i n i t i a t e d ,  NASA and SRI agreed  

t h a t  t h e  f i e l d  measurement program could  be more e f f i c i e n t l y  and con- 

v i e n t l g  implemented by making l i d a r  measurements a t  SRI i n  hlenlo Pa rk ,  

wh i l e  J imspheres  and rad iosondes  were r e l e a s e d  and t r a c k e d  from P i l l a r  

P o i n t ,  a n  AF/NASA r a d a r  m i s s i l e - t r a c k i n g  f a c i l i t y  17 m i l e s  nor thwes t  

of  SRI. This  arrangement  enabled  t h e  SRI personnel  and l i d a r  equipment 

invo lved  i n  t h e  f i e l d  experiment  t o  remain i n  Menlo Park  and t o  perform 

o t h e r  d u t i e s  i n  t h e  absence  of  s u i t a b l e  weather  z o n d i t i c n s .  Threugh 

t h e  o f f i c e s  of  t h e  c o n t r a c t  monitor and M r .  Cha r l e s  Hines,  NASA 

Vandenberg, arrangements  w e r e  made t o  u t i l i z e  a mobile  GMD-1 u n i t  from 

Vandenberg AFB to  i n f l a t e  and release J imspheres  and t o  make t h e  

n e c e s s a r y  rawinsonde a s c e n t s  a t  P i l l a r  P o i n t .  J imspheres  w e r e  t o  be 

t r a c k e d  w i t h  t h e  AN/FPS-16 r a d a r  by personnel  from P i l l a r  P o i n t .  The 

change i n  p h y s i c a l  s e t u p  o f  t h e  f i e l d  experiment  proved t o  be f o r t u n a t e ,  

s i n c e  a d v e r s e  weather  c o n d i t i o n s  du r ing  January and February caused  

f r e q u e n t  c a n c e l l a t i o n  o f  planned n i g h t t i m e  exper iments  ( r eco rded  p re -  

c i p i t a t i o n  i n  Nor thern  C a l i f o r n i a  d u r i n g  t h e s e  two months w a s  more than  

200 p e r c e n t  of normal) .  I n i t i a l l y ,  o b s e r v a t i o n s  w e r e  scheduled  t o  

beg in  d u r i n g  t h e  week o f  19 January  1969, but  not  one  s i n g l e  c l o u d - f r e e  

n i g h t  o c c u r r e d .  Although weather  c o n d i t i o n s  improved somewhat du r ing  

t h e  f o l l o w i n g  week, w e  w e r e  informed on 27 January  t h a t ,  due t o  f l o o d i n g  

n e a r  Vandenberg AFB, t h e  rawinsonde and Jimsphere equipment cou ld  no t  

be brought  t o  P i l l a r  Po in t  u n t i l  f u r t h e r  n o t i c e .  Subsequent ly ,  p l ans  

w e r e  made t o  conduct  t h e  experiment  d u r i n g  t h e  week of 10 February ,  but  

a g a i n  heavy c loud  cove r ,  r a i n  and t h e  n o n a v a i l a b i l i t y  o f  t h e  AN/FPS-16 

, 
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t r a c k i n g  r a d a r  a t  P i l l a r  Po in t  caused d e l a y .  N o t  u n t i l  t h e  n i g h t  o f  

20 February were s u c c e s s f u l  l i da r / J imsphere  o b s e r v a t i o n s  made. A f t e r  

t h i s  d a t e  f u r t h e r  unexpected de lay  was expe r i enced .  F i n a l l y ,  i n  con- 

s u l t a t i o n  wi th  t h e  p r o j e c t  monitor ,  i t  w a s  ag reed  t h a t  t h e  week of  

3 March 1969 would be t h e  l a s t  week t h a t  t h e  SRI l i d a r  equipment cou ld  

be a s s i g n e d  to  t h e  p r o j e c t .  During t h i s  week, however, f o u r  rawinsonde 

and t h r e e  J imsphere  a s c e n t s  were ob ta ined  i n  c o n j u n c t i o n  w i t h  l i d a r  

o b s e r v a t i o n s .  These da ta ,  t o g e t h e r  with t h o s e  o b t a i n e d  on 20 February,  

c o n s t i t u t e  t h e  o b s e r v a t i o n a l  r e s u l t s  of t h e  l i d a r / J i m s p h e r e  exper iment .  

C. Task 3--Analysis and Comparison wi th  J imsphere  and Rawinsonde Data 

" . . .Analyze and compare t h e  l i d a r  measurements w i t h  
J imsphere  p r o f i l e  measurements and a v a i l a b l e  rawinsonde 
d a t a , .  . "  

1. Comparison between L i d a r  and Rawinsonde Data 

F i g u r e s  6, 7, and 8 shcw the l i d a r  d a t a  a n d  t h e  compara t ive  

rawinsonde d a t a  o b t a i n e d  d u r i n g  f o u r  o b s e r v a t i o n  p e r i o d s .  For  each  

p e r i o d ,  l i d a r  d a t a  are p r e s e n t e d  i n  t h e  form of  a v e r t i c a l  p r o f i l e  of  

p u l s e  count  v s .  h e i g h t  o b t a i n e d  by ave rag ing  t h e  da ta  from s i x  t o  e i g h t  

c o n s e c u t i v e  soundings .  A l s o  i n d i c a t e d  are t h e  ?1 s t a n d a r d  d e v i a t i o n s  

o f  t h e  d a t a  f o r  each  he igh t  group. 

S i g n i f i c a n t  f e a t u r e s  i n  the  l idar -measured  p r o f i l e s  a r e  

e v a l u a t e d  q u a l i t a t i v e l y  on t h e  b a s i s  o f  t h e  i n d i c a t e d  model a tmospher ic  

p r o f i l e  and t h e  s t a n d a r d  d e v i a t i o n s  of t h e  measurements. The l a y e r  i n  

which t h e  measured count  i s  judged t o  be r e l a t i v e l y  h i g h e s t  above model 

a tmosphe r i c  count  is i n d i c a t e d  by shaded b locks  i n  both  t h e  l i d a r  d a t a  

and co r re spond ing  rawinsonde d a t a .  This  l a y e r  can  be i n t e r p r e t e d  as 

c o r r e s p o n d i n g  t o  a l a y e r  of  i n c r e a s e  i n  o p t i c a l  ( p a r t i c l e )  d e n s i t y .  On 

20 February  [F igu re  61 and on 7 March, 2201 - 2358 PST [F igure  8 ( b ) ] ,  

t h e  o p t i c a l  d e n s i t y  i n c r e a s e  co inc ides  w i t h  a s t a b l e  l a y e r  i n  t h e  

t e m p e r a t u r e  p r o f i l e  below t h e  t ropopause.  On 5 March [F igu re  71, i t  

l ies  below a s h a r p  t ropopause  l e v e l ,  and on 7 March, 1903 - 2132 PST 

[ F i g u r e  8 ( a ) ] ,  below a t ropopause  l a y e r .  During a l l  f o u r  o b s e r v a t i o n  

20 
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p e r i o d s ,  i t  i s  observed  ve ry  c l o s e  t o  t h e  l e v e l  of maximum wind speed .  

The observed  l i d a r  d a t a  of  F i g u r e  6 are no t  a s  conv inc ing  a s  t h o s e  

observed  d u r i n g  t h e  o t h e r  p e r i o d s .  However, t h e  l a y e r  o f  maximum wind 

speed  is  i d e n t i f i e d  by a l a y e r  i n  which t h e  l idar -measured  p u l s e  count  

is two s t a n d a r d  d e v i a t i o n s  above t h e  p r e d i c t e d  coun t .  The o b s e r v a t i o n s  

made d u r i n g  t h e  n i g h t  o f  7 March 1969 a r e  of p a r t i c u l a r  i n t e r e s t ,  s i n c e  

they  show t h a t  a l a r g e  wind-speed i n c r e a s e  took  p l a c e  i n  t h e  l a y e r  where 

t h e  o p t i c a l - d e n s i t y  i n c r e a s e  was d e t e c t e d  by t h e  l i d a r .  Th i s  f e a t u r e  

is  i l l u s t r a t e d  i n  more d e t a i l  i n  F igure  9 by t h e  v e r t i c a l  p r o f i l e s  o f  

t empera tu re  change and wind speed  change o b t a i n e d  from t h e  d a t a  of t h e  

two rawinsonde a s c e n t s .  During t h e  o b s e r v a t i o n  p e r i o d  o f  f o u r  t o  f i v e  

hour s ,  a s i g n i f i c a n t  tempera ture  i n c r e a s e  ( l o  t o  2°C) and wind speed 

i n c r e a s e  (10-20 k t s )  i s  observed  nea r  t h e  l a y e r  of  l a r g e  l i d a r - d e t e c t e d  

b a c k s c a t t e r .  A s i m i l a r  l i d a r  backsca t te r /wind  speed  r e l a t i o n  w a s  

s u g g e s t e d  by t h e  d a t a  o f  28 January  1969 [F igu re  51. On 20 February 

[F igu re  61, when t w o  rawinsonde a s c e n t s  w e r e  a v a i l a b l e  a l s o ,  no such  

wind speed  i n c r e a s e  occur red .  The l i d a r ,  however, did not  d e t e c t  a 

pronounced i n c r e a s e  i n  b a c k s c a t t e r  near  t h e  l e v e l  o f  maximum wind speed 

and o n l y  on  t h e  b a s i s  o f  t h e  s t a n d a r d  d e v i a t i o n  c a n  a r e l a t i v e  i n c r e a s e  

i n  t h e  o p t i c a l  d e n s i t y  be sugges t ed .  I t  i s  o f  i n t e r e s t  t o  n o t e  t h a t  on 

20 February  and on 7 hfarch a secondary wind speed  maximum observed  above 

1 2  km is a s s o c i a t e d  w i t h  a la rger - than-average  i n c r e a s e  i n  l i d a r -  

d e t e c t e d  o p t i c a l  d e n s i t y .  

Examinat ion of  t h e  o f f i c i a l  r e c o r d  of  s u r f a c e  o b s e r v a t i o n s  

from h lo f fe t t  Naval A i r  S t a t i o n  showed no middle  or h igh  c louds  d u r i n g  

t h e  p e r i o d  o f  o b s e r v a t i o n  on 20 February and 7 March. On 4 /5  March, 

however, ve ry  t h i n  c i r r u s  c louds  were r e p o r t e d  a f t e r  midnight .  I t  i s ,  

t h e r e f o r e ,  l i k e l y  t h a t  t h e  large i n c r e a s e  i n  o p t i c a l  d e n s i t y  d e t e c t e d  

by t h e  l i d a r  a t  t h e  tropopause--and e s p e c i a l l y  t h e  large s t a n d a r d  

d e v i a t i o n s  involved  i n  some of t h e  measurements a t  lower leve ls - -were  

t h e  r e s u l t  of i c e - c r y s t a l  c o n c e n t r a t i o n s  w i t h i n  t h e  f i e l d  of  view o f  

t h e  l i d a r .  
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2. Comparison between L ida r  and J imsphere  Data 

L i d a r  o b s e r v a t i o n s  and s imul taneous  measurements o f  t h e  

v e r t i c a l  wind p r o f i l e  by J imsphere a r e  compared f o r  two s e p a r a t e  days .  

On 20 February 1969, t w o  s u c c e s s i v e  J imsphere a s c e n t s  w e r e  made a t  

P i l l a r  Po in t  between 2000 and 2300 PST. The v e r t i c a l  p r o f i l e s  o f  

t h e  s c a l a r  wind speed  o b t a i n e d  from t h e s e  a s c e n t s  a re  shown i n  F igu re  

10, t o g e t h e r  w i t h  t h e  v e r t i c a l  p r o f i l e  o f  a tmospher ic  b a c k s c a t t e r  a s  

d e t e c t e d  by t h e  l i d a r .  The l a t t e r  i s  a n  ave rage  p r o f i l e  based on  d a t a  

from e i g h t  measurements made a t  Menlo Park ,  C a l i f o r n i a  between 2000 and 

2400 PST. N o  pronounced i n c r e a s e  i n  t h e  observed  o p t i c a l  d e n s i t y  i s  

e v i d e n t ,  but ave rage  v a l u e s  of p u l s e  ra te  n e a r  t h e  l e v e l  o f  maximum 

wind (7 t o  8 km) a r e  more t h a n  two s t anda rd  d e v i a t i o n s  above t h e  r e f -  

e r e n c e  count  o f  t h e  Aerosol  Model Atmosphere. The l i d a r  d a t a  i n  t h i s  

c a s e ,  however, a r e  ambiguous. The r e l a t i v e l y  s m a l l  i n c r e a s e  i n  p u l s e  

count  observed  between 1 2  and 13 km cor responds  t o  a secondary wind 

speed  maximum. 

On t h e  n i g h t  o f  7 March 1969, t h r e e  J imsphere  a s c e n t s  were 

made a t  P i l l a r  P o i n t .  However, due t o  d i f f i c u l t i e s  i n  d a t a  r e c o r d i n g  and 

p r o c e s s i n g ,  on ly  one  a s c e n t  is a v a i l a b l e  f o r  comparison. The l i d a r  d a t a  

on a tmospher ic  b a c k s c a t t e r  c o l l e c t e d  between approximate ly  2200 and 

2400 PST can  be compared w i t h  d a t a  from t h e  J imsphere  a s c e n t  made a t  

2356 PST. F i g u r e  11 shows t h e  d a t a  comparison. The l i d a r  d e t e c t e d  a 

pronounced i n c r e a s e  i n  t h e  o p t i c a l  d e n s i t y  of  t h e  atmosphere between 

8 and 10 km, which is  t h e  l a y e r  o f  maximum wind speed (44  m s e c ) .  So 

s i g n i f i c a n t  v a r i a t i o n s  i n  wind d i r e c t i o n  or i n  t h e  v e r t i c a l  r ise  r a t e  

o f  t h e  s p h e r i c a l  ba l loon  a r e  e v i d e n t  i n  t h i s  l a y e r .  A secondary ,  h i g h e p  

l e v e l  i n c r e a s e  i n  b a c k s c a t t e r  n e a r  13 km does not  cor respond t o  a sec- 

ondary  wind-speed maximum i n  t h e  J imsphere d a t a  as  on 20 February 

[ F i g u r e  l o ] .  I t  is i n t e r e s t i n g  t o  no te ,  however, t h a t  t h e  rawinsonde 

a s c e n t  d i d  i n d i c a t e  a r e l a t i v e  wind-speed maximum n e a r  t h i s  l e v e l  

[ s e e  F i g u r e  8 ( b ) ] .  
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D. Task 4--Evaluat ion of  P r e s e n t  and P o t e n t i a l  C a p a b i l i t i e s  

". . .Eva lua te  t h e  p o t e n t i a l  and/or  e x i s t i n g  c a p a b i l i t y  
of l i d a r  f o r  a tmospher ic  wind measurements on t h e  
b a s i s  of  t h e  d a t a  comparison made under  [Task 21 ..." 

On t h e  b a s i s  of t h e  l i m i t e d  d a t a  sample c o l l e c t e d  under  t h e  program, 

t h e  f o l l o w i n g  p o i n t s  of  i n t e r e s t  can  be summarized: 

The 

i n d i r e c t  

The l i d a r  d a t a  sugges t  t h a t  t h e  o p t i c a l  ( p a r t i c l e )  

d e n s i t y  o f  t h e  atmosphere between 6 and 14  km does not  

d e c r e a s e  as r a p i d l y  w i t h  h e i g h t ,  as p r e d i c t e d  on t h e  

b a s i s  of  t h e  1968 Aerosol Model Atmosphere. 

When l i d a r  o b s e r v a t i o n s  w e r e  made i n  c o n j u n c t i o n  wi th  

rawinsonde and J imsphere  a s c e n t s ,  t h e  l a y e r  of  maximum 

wind speed was i d e n t i f i e d  i n  t h e  l i d a r  d a t a  a s  a l a y e r  

of  r e l a t i v e l y  h igh  o p t i c a l  ( p a r t i c l e )  d e n s i t y .  

Temperature d a t a  from t h e  rawinsonde a s c e n t s  sugges t  

t h a t  t h e  l i d a r - d e t e c t e d  l a y e r  of  r e l a t i v e l y  large 

b a c k s c a t t e r  is a s s o c i a t e d  wi th  a s t a b l e  thermal  s t r u c -  

t u r e  but  no t  n e c e s s a r i l y  wi th  t h e  t ropopause .  

The l i d a r - d e t e c t e d  l a y e r  of l a r g e  b a c k s c a t t e r  (8 km) 

has  a r e l a t i o n s h i p  to  t h e  l a y e r  o f  maximum wind 

speed t h a t  is s i m i l a r  t o  t h a t  connec ted  w i t h  c i r r u s  

c louds  (James, 1957) .  Therefore ,  t h e  l a y e r  o f  i n c r e a s e  

i n  o p t i c a l  d e n s i t y  observed by t h e  l i d a r  d u r i n g  

v i s u a l l y  c l e a r - s k y  c o n d i t i o n s  is  b e l i e v e d  t o  be 

a s s o c i a t e d  wi th  a haze l a y e r  or a l a y e r  o f  sub-  

v i s i b l e  ice c r y s t a l s  which is advec ted  and/or  formed 

i n  t h e  l a y e r  of  maximum wind. 

l i m i t e d  o b s e r v a t i o n  program s u g g e s t s  t h a t  l i d a r  can  p rov ide  

in fo rma t ion  on  t h e  atmospheric  winds a l o f t .  From t h e  r e s u l t s  

of t h e  experiment  i t  appea r s  t h a t  t h e  a l t i t u d e  of t h e  l a y e r  of maximum 

wind speed  can  be i d e n t i f i e d .  A l s o ,  a q u a l i t a t i v e  assessment  o f  maximum 
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wind speed can  p o s s i b l y  b e  made on t h e  basis of t h e  d e g r e e  of i n c r e a s e  

i n  o p t i c a l  d e n s i t y  d e t e c t e d  by t h e  l i d a r .  However, a f u r t h e r  e v a l u a t i o n  

of  t h e  c a p a b i l i t y  of  l i d a r  t o  supply  a d d i t i o n a l  i n f o r m a t i o n  on v e r t i c a l  

wind s h e a r  and t u r b u l e n c e  must a w a i t  t h e  accumulat ion o f  l a r g e r  samples 

of d a t a .  These must be collected when l o w  and m i d d l e  c l o u d s  a r e  a b s e n t ,  

i n  o r d e r  t o  avoid e x t i n c t i o n  of t h e  l a s e r  p u l s e .  

The t e c h n i q u e  of c o l l e c t i n g  l i d a r  d a t a  used i n  t h e  p r e s e n t  s t u d y  

can  b e  improved t o  t h e  e x t e n t  t h a t  a l l  d a t a  between 6 and 1 4  km can  

be c o l l e c t e d  and d i s p l a y e d  upon t h e  t r a n s m i s s i o n s  of  a s i n g l e  p u l s e .  

This  would d e c r e a s e  t h e  t i m e  i n t e r v a l  between d a t a  r e a d i n g s  f o r  each 

sampled l a y e r  by a f a c t o r  of 10. Furthermore,  i n  subsequent  experiments ,  

t h e  c o n t r i b u t i o n  t o  t h e  s t a n d a r d  d e v i a t i o n  of t h e  measurements from 

f l u c t u a t i o n s  i n  t h e  system response  should be more p r e c i s e l y  determined.  

A f t e r  t h i s  c o n t r i b u t i o n  i s  e l i m i n a t e d ,  t h e  s t a n d a r d  d e v i a t i o n s  can be 

e n t i r e l y  a t t r i b u t e d  t o  f l u c t u a t i o n s  i n  a tmospheric  o p t i c a l  d e n s i t y  and 

should  b e  compared t o  v a r i a t i o n s  i n  t h e  v e r t i c a l  wind s h e a r  and t o  t h e  

p e r t u r b a t i o n s  t h a t  have been observed i n  t h e  a s c e n t  r a t e s  of  J imsphere 

b a l l o o n s  (Mheeler, 1969) .  For t h i s  purpose, l i d a r  o b s e r v a t i o n s  should 

b e  made i n  c o n j u n c t i o n  wi th  temperature  and wind soundings on a smaller 

scale t h a n  w a s  done under  t h e  p r e s e n t  program. For example, an  e x p e r i -  

mental  program i n v o l v i n g  t h e  o p e r a t i o n  of a l i d a r  w i t h i n  a mesoscale  

network of J imsphere a s c e n t s  would enable  a n  assessment  of t h e  s i g n i f i -  

cance  of  a l i d a r - d e t e c t e d  anomaly i n  both space  and t i m e .  
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